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To exploit nanometric magnetic skyrmions as information carriers in high-density storage devices,
a method is needed that creates intended number of skyrmions at specified places in the device
preferably at a low energy cost. We theoretically propose that using a system with a fabricated
hole or notch, the controlled creation of individual skyrmions can be achieved even when using an
external magnetic field applied to the entire specimen. The fabricated defect turns out to work like
a catalyst to reduce the energy barrier for the skyrmion creation.
PACS numbers:
Magnetic skyrmions, nanometric swirling spin textures
carrying a quantized topological number, in chiral-lattice
ferromagnets are currently attracting enormous research
interest [1–5]. The absence of spatial inversion symme-
try in chiral crystals activates the Dzyaloshinskii–Moriya
(DM) interaction, which favors a rotating alignment of
the spin magnetizations. This interaction strongly com-
petes with the ferromagnetic exchange interaction J fa-
voring a parallel alignment of magnetizations, and sta-
bilizes the vortex-like skyrmion spin textures under an
external magnetic field [6, 7]. The magnetizations of a
skyrmion are parallel to the magnetic field at its pe-
riphery, whereas they are antiparallel at its center to
maximize energy gains from the Zeeman interaction [see
Fig. 1(a)].
Skyrmions have numerous advantages for applications
in data storage devices [2, 3]. First, they are nanomet-
rically small in size (typically 3–100 nm), enabling high
densities of information. Second, they are highly mobile,
which facilitates their manipulation, thereby reducing the
energy expended. Skyrmions can be driven, for example,
by spin-polarized electric currents via the spin-transfer
torque mechanism. The typical threshold electric current
density jc to drive them turns out to be 10
5–106 A/m2 [8–
14], which is five or six orders of magnitude smaller than
jc to drive other magnetic textures. Third, skyrmions are
topologically protected and thus stable. They cannot be
created and annihilated by continuous variation of the
spatial alignment of magnetizations, but a discontinuous
180◦ flop of the local magnetization is necessary to write
or delete them. This local magnetization flop expends
a large energy cost of order J , which makes the written
skyrmions robust against agitations.
To exploit magnetic skyrmions as information carriers
in data storage devices, efficient methods to write, delete,
read, and drive skyrmion bits need to be established.
Regarding the writing of skyrmions, several techniques
using electric currents [15–18], magnetic fields [19–21],
electric fields [22–24], spin currents [25], light [26, 27],
heat [28], spin waves [29], and pressure [30] have been
proposed from theory and experiment. Among these pro-
posals, a method based on the application of a magnetic
field holds promise as a practical means because the writ-
FIG. 1: (color online). (a) Swirling magnetic structure of a
skyrmion. (b) Ideal but unrealistic way to write a skyrmion
using a squeezed magnetic field. (c) Actual situation of
skyrmion creation by the simple application of a magnetic
field with spot size much larger than the size of the skyrmion.
(d) Theoretical phase diagram of the spin model (1) at T = 0
as a function of magnetic field applied normal to the plane.
(e)–(g) Magnetic structures of (e) helical phase, (f) skyrmion-
lattice phase, and (g) field-polarized ferromagnetic phase with
a skyrmion as a defect. (h) Schematic of skyrmion creation
in a magnetic-field application.
ing technique using a magnetic field has a long research
history and accumulated knowledge in the development
of hard-disk drives.
However, creating an intended number of nanometric
skyrmions at specific places using a magnetic field is not
straightforward. This is because a magnetic field can-
not be focused into an area as small as the skyrmion.
Specifically, we ideally desire tight focusing as depicted in
Fig. 1(b) but in actuality the field spreads out [Fig. 1(c)].
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2In addition, we need to establish a technique for writing
a topological skyrmion texture without the large energy
expense incurred with local magnetization flops.
In this Letter, we investigate a method to create
skyrmions on a thin film of a chiral-lattice ferromagnet
with an applied magnetic field based on numerical sim-
ulations using the Landau–Lifshitz–Gilbert (LLG) equa-
tion. We find that even when a magnetic field is ap-
plied to an entire thin-film specimen, it is possible to cre-
ate individual skyrmions one by one within an intended
nanoscopic area by fabricating nanoscopically small de-
fects such as hole and notch on the sample. The threshold
magnetic field turns out to be significantly lower com-
pared with that for defect-free specimens. Mechanisms
for skyrmion creation and the reduction of the thresh-
old field are presented based on the simulation results.
Our proposal, the controlled creation of nanoscopic spin
textures via global field application, may provide a break-
through in the research on high-density storage devices
with ultra-small magnetic textures as information bits.
Magnetism in a thin-film specimen of chiral-lattice
ferromagnet is described using the classical Heisenberg
model on a square lattice with ferromagnetic exchange
interaction, the DM interaction, and the Zeeman inter-
action associated with an external magnetic field H=(0,
0, H) normal to the plane [31, 32]. The Hamiltonian is
given as
H0 = −J
∑
<i,j>
mi ·mj −D
∑
i,γˆ
mi ×mi+γˆ · γˆ
− gµBµ0H ·
∑
i
mi, (1)
where g=2, and γˆ denotes collectively the unit vectors
xˆ, yˆ, and zˆ for the square lattice. The length of the
magnetization vectors mi is taken to be unity. We take
J=3 meV and D/J=0.09 so as to reproduce the ex-
perimentally observed Tc and the typical periodicity (∼
50 nm) for the skyrmion lattice in the skyrmion mate-
rial Cu2OSeO3 [33, 34]. The magnetic field H is applied
uniformly and steadily over the entire system.
The H-dependent phase diagram for this spin model
[Fig. 1(d)] shows three phases, specifically, helical phase
[Fig. 1(e)], skyrmion-lattice phase [Fig. 1(f)], and field-
polarized ferromagnetic phase. These phases reproduce
experimental results at low temperature. Importantly,
skyrmions appear not only as the crystalized form in
the skyrmion-lattice phase [35–37] but also as individ-
ual defects in the ferromagnetic state [36]; see Fig. 1(g).
Isolated skyrmions in the ferromagnetic background are
potentially useful as information carriers.
The LLG equation is given by
dmi
dt
= −mi ×Heffi +
αG
m
mi × dmi
dt
, (2)
where αG(=0.04) is the Gilbert-damping coefficient. The
effective field Heffi is calculated from the Hamiltonian
H=H0+H′(t) as Heffi = −∂H/∂mi. The first term H0
is the model Hamiltonian given by Eq. (1). The second
term H′(t) represents the Zeeman interaction associated
with a temporal magnetic field h(t)=(0, 0, −h) applied
in the direction opposite to the steady field H to create
(write) a skyrmion. The term is given by,
H′(t) = −gµBµ0
∑
i
h(t) ·mi. (3)
A process of the skyrmion creation is schematically shown
in Fig. 1(h). The writing field h(t) is applied to a thin-
film system with ferromagnetically ordered magnetiza-
tions polarized by the steady field H. The writing field
locally reverses the magnetization to form a skyrmion
core, which after switching off the writing field grows
into an isolated skyrmion via relaxation of the magneti-
zation alignment. We simulated the spatio-temporal dy-
namics of these magnetizations mi over this entire pro-
cess. The simulations were performed using a system of
N=600×150 sites set with an open boundary condition.
The strength of the steady field H is fixed at H=1622
Oe to ensure the system is ferromagnetic on the verge of
the phase boundary to the skyrmion-lattice phase. We
examine several cases of different field-applied areas and
various fabricated structures.
A process of the skyrmion creation is schematically
shown in Fig. 1(h). The writing field h(t) is applied to a
thin-film system with ferromagnetically ordered magne-
tizations polarized by the steady field H, which reverses
the magnetization locally to form a skyrmion core. This
seed of skyrmion grows to an isolated skyrmion via re-
laxation of the magnetization alignment after switching
off the writing field h(t). We simulate spatio-temporal
dynamics of magnetizations mi in the skyrmion-creation
process after applying h(t) from t=0. The simulations
are performed using a system of N=600×150 sites with
the open boundary condition. The strength of the steady
field H is fixed at H=1622 Oe to make the system fer-
romagnetic on the verge of the phase boundary to the
skyrmion-lattice phase. We examine several cases of dif-
ferent field-applied areas and various fabricated struc-
tures.
In Fig. 2, the simulated threshold fields hc for various
settings are summarized together with time-space profiles
of the skyrmion creation processes. Here the field-applied
areas are marked by (yellow) squares. When the writing
field h is applied locally at the center of the system as
in Case 1, a large field is needed to realize a 180◦ flop of
the local magnetization with hc reaching nearly 5100 Oe.
It was theoretically proposed that the required strength
for h to inscribe a skyrmion can be reduced by applying
the field at the edge of the sample, as in Case 2. This
is because topological protection is relaxed because the
magnetization distribution at the edge is discontinuous,
and a gradual rotation of the magnetization towards a
180◦ reversal becomes possible. However, although this
proposal is conceptually interesting, the method is unre-
alistic and impractical because it is technically difficult
or physically impossible to squeeze the magnetic field h
3FIG. 2: (color online). Simulated threshold magnetic fields hc
for different settings in skyrmion creation. Areas where the
writing field h is applied are framed using (yellow) squares
or rectangles. Time profiles of the creation process are also
displayed where the relevant areas are magnified. For Cases
4–6, the fabricated hole and notch structures in the thin film
enable a one-by-one controlled creation of skyrmions at low
threshold fields even with the global application of the writing
field h. The height and width of the rectangular notch in Case
4 are 45 sites and 15 sites, respectively. For Cases 5 and 6,
the hole diameter is 18 sites.
into a nanoscopic area.
Instead, the real situation is to apply the magnetic
field h to an area much larger than the skyrmion size.
If the field h is applied to the entire area of the sample,
the magnetization rotations take place somewhere on the
edges, but we find that the number of created skyrmions,
the locations of their creation, and even the shape of the
created magnetic textures are not controllable, as in Case
3. This indicates that the simple application of a mag-
netic field to the entire area does not lead to a controlled
creation of skyrmions, in contrast to the local application
to a nanoscopic area that is physically impossible. How
then, through an application of a magnetic field, can we
create skyrmions in a controlled manner?
This seemingly unsolvable problem is resolved by fabri-
cating a nanoscopic defect on the thin-film sample. With
a small rectangular notch on the sample [Fig. 2, Case 4],
skyrmions are created one by one at the notch even if we
apply a magnetic field h over the entire system. Impor-
tantly, because the topological protection at the notch
is relaxed, the threshold field strength is significantly re-
duced by one order of magnitude below that for Case 1.
The time interval between successive skyrmion creations
is governed by the strength of h, and we can create the in-
tended number of skyrmions by tuning the field strength
and duration of the field application.
We can also expect this kind of controlled skyrmion
creation even with a nanoscopic hole. When a magnetic
field h is applied to a thin film with a circular hole (Case
FIG. 3: (color online). (a), (b) Simulated time evolutions
of topological charge for Case 1 (a) and Case 5 (b). (c)-(f)
Simulated time profiles of partial energies for Case 1 [(c), (e)]
and Case 5 [(d), (e)].
5), skyrmions are again created at the hole. Interestingly,
when the hole is located deep inside the sample (Case 6),
a pair of skyrmions is created simultaneously.
The observed reduction of threshold field for Cases 3–
5 is evident by comparing the results with those of Case
1. Figure 3(a) and (b) shows simulated time profiles of
the topological charge for Cases 1 and 5, respectively.
When the magnetic field h is locally applied to the sys-
tem without a notch or hole (Case 1), a skyrmion is cre-
ated suddenly accompanied by an abrupt flop in the lo-
cal magnetization. Although we start applying the field
h from t=0, almost nothing happens until t∼10 ns. In
contrast, when the field is applied completely over the
entire system plus hole, the topological charge gradually
increases from t=0, indicating a continuous rotation of
magnetizations towards formation of the skyrmion core.
Figure 3(c) and (d) shows the simulated time evolu-
4tion of partial energies for Cases 1 and 5, respectively.
We find that the energy of the ferromagnetic-exchange
interaction (Eex) and that of the Zeeman interaction as-
sociated with the steady field H (EZeeman) increase for
both cases as the uniformly aligned ferromagnetic config-
uration has been broken, whereas the energy of the DM
interaction (EDM) and that of the Zeeman interaction
associated with the writing field h (E′Zeeman) decrease as
the magnetization is canted towards the h-direction. We
find that these changes in the energy profiles abruptly
occur in Case 1, whereas in Case 2 they gradually occur
beginning after the application of h. Importantly, the
energy scale is much larger for Case 1 than for Case 2.
Figure 3(e) and (f) shows other results of time profiles
of partial energies for Cases 1 and 5, respectively. The en-
ergy associated with the stationary part of the Hamilto-
nianH0, i.e., Eex+EDM+EZeeman shows critical enhance-
ment in Case 1 at the skyrmion creation point, indicat-
ing the presence of a large energy barrier between states
with and without a skyrmion. In this case, to create the
skyrmion, we need to apply a much stronger writing field
h so as the Zeeman-energy gain (E′Zeeman) exceeds this
high-energy barrier. In contrast, there appears no such
energy enhancement in the skyrmion creation process for
Case 5, indicating that the energy barrier, which must
be overcome to create a skyrmion core, is very low. Con-
sequently, the required strength of the writing field h is
much weaker than that for Case 1. The fabricated defect
works like a catalyst to reduce the energy barrier between
the two states.
Finally, we describe a mechanism for desorbing the
generated skyrmion seed from the fabricated nanoscopic
defect. Figure 4(a) displays snapshots of the simulated
spatial distributions of the potential gradient, that is, the
forces acting on each portion of the magnetic texture for
Case 5. Because of repulsive forces from the sample edge,
the distribution of the forces is anisotropic, which works
to desorb the generated skyrmion seed from the hole and
results in the formation of an individual skyrmion. Con-
ceivably, if the hole is located at the center of the sample,
the skyrmion core might not be desorbed from the hole
because of an isotropic distribution of the potential gradi-
ent. However, as seen in Fig. 4(b), even when the hole is
located at the center of the sample, the growing skyrmion
core splits into two, and they are desorbed from the hole
through their mutually repulsive force.
To summarize, we have proposed that controlled one-
by-one creation of nanometric topological skyrmion spin
textures with low energy cost is possible using a system
with a fabricated nano-scale defect even with a global ap-
plication of the magnetic field. The physical mechanism
is ascribed to the relaxation of the topological protection
because of the discontinuity in the spatial distribution of
magnetization around the defect, which enables a grad-
ual magnetization rotation instead of a sudden 180◦ flop
to create a skyrmion core. To further increase the infor-
mation density in magnetic memory devices, magnetic
structures carrying information must be nanoscopically
FIG. 4: (color online). Snapshots of the simulated spatial
distribution of energy (color scaled) and the potential gradient
(arrows) for Case 5 (a) and Case 6 (b), respectively. The
relevant areas framed by rectangles of 225 × 150 sites are
magnified. The strength of the writing field is h=331 Oe for
both cases.
small, but it is technically difficult or physically impos-
sible to achieve nanoscale-sized spots of magnetic field,
light, and heat. Our proposal for a controlled creation of
nanoscopic magnetic textures through the global appli-
cation of an external field may provide the breakthrough
needed to increase information densities of magnetic stor-
age devices. The method can be applicable not only to
the Bloch-type skyrmions in chiral magnets treated in the
present study but also to the Ne´el-type skyrmions in in-
terfacial systems [2, 16, 38, 39] and polar magnets [40]. In
addition to the data storage devices, a number of possible
applications of magnetic skyrmions have been proposed
to date [41] such as logic [42], microwave [43–45] and
nano-oscillator devices [46–49]. The proposed method
may be useful for these applications as well.
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